B
ased on the recent evidence that patients with type 2 diabetes have the same risk of myocardial infarction as nondiabetic subjects with a history of infarction, diabetes has been designated as an atherosclerosis equivalent. 1 Insulin resistance plays a primary role in the development of type 2 diabetes and considerable evidence supports the association between insulin resistance, hyperinsulinemia, and vascular disease. 2, 3 Although the molecular mechanisms are incompletely understood, this association is supported by several large clinical studies showing a direct relationship between insulin levels and cardiovascular risk. The Paris Prospective Study 4 and the Multiple Risk Factor Intervention Trial (MRFIT) 5 reported positive relationships between insulin levels and atherosclerotic events. In addition, the Veterans Affairs High Density Lipoprotein Intervention Trial (VA-HIT) 6 demonstrated the highest incidence of cardiovascular events in the subgroups with highest levels of insulin. Finally, the landmark Insulin Resistance Atherosclerosis Study (IRAS) provided further evidence for an inverse relationship between carotid intima-medial thickness and insulin sensitivity. 7 
Insulin Resistance and Smooth Muscle Cell Proliferation
Controversy exists regarding the cellular mechanisms leading to atherosclerosis in insulin resistance and type 2 diabetes. Because of the observed numerical increases and functional abnormalities in intimal smooth muscle cells (SMC) in diabetes, this cell type has received intensive attention. In advanced lesions, SMC and their secreted products are a major component of the lesion comprising up to 70 to 80% of the total content of advanced human lesions. 8 In particular, diabetes accelerates SMC accumulation in atherosclerotic lesions and SMC proliferation directly correlates with insulin levels. 9,10 SMC proliferation is also the primary mechanism leading to the failure of procedures used to treat occlusive atherosclerotic diseases in patients with diabetes. 11 Restenosis following coronary revascularization in patients with type 2 diabetes results from excessive neointima formation because of SMC proliferation. 12 In addition, compensatory hyperinsulinemia associated with insulin resistance in patients with type 2 diabetes strongly predicts neointimal SMC proliferation. 13 Despite more than 3 decades of intensive investigations, the detailed molecular mechanisms underlying the association between insulin resistance, SMC proliferation and accelerated atherosclerosis are still unclear. Hyperglycemia, hyperinsulinemia, advanced glycation endproducts, and dyslipidemia have each been suggested to stimulate SMC proliferation. Although hyperglycemia has been demonstrated to stimulate SMC proliferation in vitro and is thought to contribute to neointima formation, this concept has been challenged by recent reports demonstrating no mitogenic activity of high glucose. 9, 14 In addition, hyperglycemia in streptozotocininduced diabetic rats is not associated with increased neointima formation. 15 Instead, it is becoming increasingly evident that insulin resistance and resulting hyperinsulinemia play key roles in promoting SMC proliferation and vascular neointima formation. 14, 15 Insulin signaling in SMC results in phosphorylation of tyrosine residues on the insulin receptor substrates which activates downstream PI-3 kinase/Akt or ERK1/2-MAPK signaling pathways. However, insulin resistance and compensatory hyperinsulinemia result in a selective impairment of the PI 3-kinase pathway with intact signaling along the ERK1/2-MAPK pathway. 3, 16 Consistent with this concept, the proliferative ERK1/2-MAP kinase signaling pathway is activated in the arterial wall under insulin resistant conditions and induces the expression of c-Fos, Egr-1 and other early growth response genes that control the transition from SMC quiescence to proliferation and migration. 17 Insulin alone is a rather weak mitogen and because insulin potentates the effects of other mitogens such PDGF, angiotensin II, and thrombin, increased neointima formation in insulin resistance may not be exclusively explained by hyperinsulinemia but rather by a complex interplay between several mitogens and their downstream activation of the ERK1/2-MAPK signaling pathway.
C-Peptide: The Old Dog With a New Trick
In this issue of Circulation Research, Walcher and colleagues extend our current knowledge on mechanisms promoting SMC proliferation under conditions of hyperinsulinemia by adding C-peptide to the list of mitogens. 18 C-peptide, the 31 amino-acid residue formed during cleavage of insulin from proinsulin, is released by the pancreatic ␤ cell in equimolar amounts with insulin and has long been thought to be biologically inert. Recent evidence indicates that C-peptide may not merely be an inactive by-product of insulin biosynthesis but act as hormonally active peptide. 19 Early studies have suggested that C-peptide may have beneficial vascular effects by attenuating vascular and neural dysfunction in tissues of diabetic rats. 20 However, recent experiments identified the presence of C-peptide specifically in atherosclerotic lesions from diabetic patients and revealed that C-peptide may also have proathergenic effects such as stimulation of monocytes and T-cell chemotaxis. 21, 22 In their present study, Walcher and colleagues demonstrate colocalization of C-peptide with SMC in early human atherosclerotic lesions of diabetic subjects. In vitro, stimulation of SMC with C-peptide resulted in a dose-dependent induction of cell proliferation evidenced by [3H] thymidine incorporation and nuclear KI-67 staining. These studies outline a previously unrecognized role for C-peptide to act as mitogen for SMC.
Of course, these results require further characterization of the related mechanisms by which C-peptide exerts its effect to induce SMC proliferation. Notably, C-peptide induces several signaling pathways including the ERK1/2-MAPK and PI-3 kinase pathways. 23 Although C-peptide specifically binds to the plasma membrane 24 and activation of these signaling pathways suggest the involvement of a G-protein-coupled receptor, a specific receptor has yet to be identified. In their studies, Walcher and coauthors demonstrate that C-peptide-induced SMC proliferation is mediated through phosphorylation of the protein tyrosine kinase Src which has been implicated as intermediate in signaling networks that couple G-protein-coupled receptors with downstream signaling cascades such as the PI-3 kinase/Akt and the Ras/MAP kinase pathway. 25 Consistent with this concept, both the PI-3 kinase/Akt and the ERK1/2-MAPK are considered to be important signaling pathways regulating SMC proliferation and pharmacological inhibition of these pathways prevented C-peptide-induced SMC proliferation. As the final common pathway activated by PI-3 kinase and ERK1/2 MAPK signaling is the cell cycle, C-peptide increased cyclin D1 expression and subsequently phosphorylation of the retinoblastoma protein as the gatekeeper of G 1 3S phase cell cycle progression. Based on these observations, C-peptide stimulates SMC proliferation through a Src3PI-3 kinase/ERK1/2-MAPKdependent progression of the cell cycle (Figure 1 ).
In concert, these studies demonstrate the presence of C-peptide in atherosclerotic lesions from diabetic patients and it is tempting to speculate that C-peptide-induced proliferation of SMC in the setting of insulin resistance and hyperinsulinemia could provide a previously unrecognized mechanism leading to accelerated atherosclerosis and its complications in patients with type 2 diabetes. The results by Walcher et al substantially improve our understanding of the role of the previously thought to be inactive C-peptide. This study together with the mentioned evidence supporting biological activity of C-peptide may require revising the recent view of C-peptide as an inert by-product of insulin synthesis. However, they also raise many new questions and leave room for further studies. For example, is there a specific cellular C-peptide receptor or a G-protein-coupled receptor activated by C-peptide? Does C-peptide induce neointimal SMC proliferation in vivo? May C-peptide promote macrovascular disease whereas having potentially beneficial effects on blood flow and microvascular disease as suggested by other evidence? 20 These questions certainly deserve further molecular studies and in particular in vivo experiments using infusion or injection of C-peptide in animal models of atherosclerosis or neointimal SMC proliferation to further exploit the contribution of C-peptide to cardiovascular disease in type 2 diabetes.
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Resistance. The sine qua non of insulin resistance in adipose tissue, liver, and muscle is compensatory hyperinsulinemia. In the insulin resistant state, tyrosine phosphorylation of the insulin receptor and signaling via the insulin receptor substrate (IRS)-1/2/PI-3 kinase/ Akt pathway is impaired resulting in diminished metabolic effects. In contrast, tyrosine phosphorylation of ERK1/2 MAPK by insulin is maintained and perpetuated by other growth factors resulting in SMC proliferation and migration. As demonstrated by Walcher et al 18 C-peptide, secreted in equimolar amounts to insulin, activates both the PI-3 kinase/Akt and ERK1/2 MAPK pathways via upstream activation of the Src kinase. Activation of these pathways results in SMC proliferation through phosphorylation of the retinoblastoma protein and cell cycle progression.
